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I. Abstract
NASAs Student Launch Initiative is an annual competition focusing on student engagement in high powered
rocketry and experiential development of its competitors. The competition requires a rocket carrying a payload to reach
a target altitude. Accuracy in reaching this altitude beneﬁts the competitive prospects of Charger Rocket Works (CRW),
University of Alabama in Huntsville’s competing team. Mass creep, atmospheric variation, and thurst distubance all
make achieving this altitude diﬃcult. It is thus useful to dynamically change the drag of the system during ﬂight to
account for design mass creep and atmospheric conditions. The Variable Drag System (VDS) extends ﬂat plates outside
of the rocket body in order to increase the drag of the rocket as a whole. Testing of the full-scale VDS is prohibitively
expensive, requiring the use of numerical simulations to predict its performance characteristics. The purpose of
this paper is to examine the eﬀects of VDS activation via Computational Fluid Dynamics (CFD) with the aid of
ANSYS Fluent. In particular, the steady state drag coeﬃcients of both VDS-deployed and VDS-retracted regimes were
calculated and the time dynamics VDS deployment of the drag coeﬃcient was considered. The CFD simulation of the
rocket correlated will with expiemental testing and commonly used software. ANSYS Fluent predicted a non-extended
𝐶𝐷 of 0.464 and an extension 𝐶𝐷 change of 38%. Additionally, the vortex shedding caused by the deployment of the
tabs was shown to have no signiﬁcant impact on the Center of Pressure (CP) location.

II. Introduction
NASA’s Student Launch Initiative is an outreach program under the branch of NASA’s stem engagement team,
which provides an annual solicitation and handbook detailing the requirements and objectives of a launch competition.
The competition is meant to engage students ranging from middle school to the collegiate level in an applicable design
forum. UAH entered this competition as part of the MAE 490-491 Senior Design: Rocket Design course, which
is customary for this course. This year’s competition team, named Charger Rocket Works (CRW) was tasked with
launching a reusable rocket capable of reaching an altitude between 3,500 and 5,000 ft. This altitude requirement, as
well as the total weight, places the rocket squarely in the Level II High Powered rocket division; to launch such a rocket
requires a certiﬁcation from the National Association of Rocketry. In addition to building a rocket, CRW must release
a leveling payload and engage 200 participants in outreach programs. The competition runs for 8 months; during this
time, CRW must complete detailed designs, analyses, and tests to verify that the rocket and payload are safe and able
to achieve their respective goals.
Achieving the speciﬁed altitude is an interplay between rocket mass, motor thrust, and motor burn time. Ideally,
a rocket motor would be selected after the design of the payload, and the rest of the rocket is completed to accurately
achieve a single desired altitude. However, due to the nature of the competition, the target altitude, selected as 4,000
ft, was speciﬁed ﬁve months prior to competition launch, 2020 and the motor (L-850), which must be purchased from
approved vendors, must be selected three montsh prior. Both speciﬁcation times are relatively early in the project’s
development, thus the exact mass of the rocket is not known. Furthermore, since the motors fabricated by each
team, adjustments of the mass, which require motor up-scaling, resulting in a signiﬁcantly diﬀerent projected altitude.
Additionally, cost considerations of higher-powered rocket motors, with CRW’s selection costing roughly $250 per
launch, are signiﬁcant as higher powered motors are generally more costly. Each launch is also associated with a large
cost, since the consumed motors must be replaced every time. Thus, CRW relies heavily on simulation methods like
Open-Rocket, in-house built code, and CFD to predict apogee, drift, and safety information. However, mass prediction,
which direclty coorelates to motor selection, is very diﬃcult and often inaccurate: relying on general associations for
mass-creep but do not account for signiﬁcant redesign or changes in mass.
Consequently, it is in CRWs best interest to develop a system to account for mass and simulation error dynamically
during ﬂight. The designed system — the VDS — relies on a more powerful motor to provide excess velocity as an
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eﬀective mass margin. This margin will be eroded as the vehicle undergoes mass creep but injects additional design
mission assurance and thus is favorable. A velocity margin is beneﬁcial to not undershoot the ﬁnal apogee, but is
detrimental to reaching the selected apogee. Thus, the VDS must shed the extra energy into some other form — heat
— through the use of drag increasing plates. If CRW is able to dynamically increase drag, then CRW will be able to
more accurately achieve the desired altitude.
The VDS functions by deploying ﬂat "drag" tabs into the boundary layer of the rocket, increasing the eﬀective
area. However, this drag increase does not scale linearly with the amount of projected area or whetted area. It is
perhaps more accurate to attribute the drag increase, mainly, to the forcible ﬂow separation from the body due to to the
tab displacement. The ﬂow detachment causes a signiﬁcant vortex to be generated just behind the tab, increasing the
pressure drag of the rocket. The location, eﬀective area, and mechanical construction is given in Fig. 1. Fig. 1a shows
the location of the VDS Bay, which includes the VDS mechanism and controller, with respect to the rest of the vehicle
in a cross section perpendicular to the free stream. Fig. 1b shows the angular positioning of the VDS Tabs with respect
to the axially-symmetric center line. Notice the VDS deploys ahead of the ﬁns and in the stream direction. Part of the
analysis will focus on the potential dangers of ﬂow separation reducing the eﬀectiveness of the ﬁn, thereby reducing
the stability margin of the rocket. Fig. 1c shows the mechanical construction of the VDS actuated by a singular motor.
The single motor actuation is important for safety; if the tabs were independently actuated, it might be possible for a
software error to increase the drag on one side, eﬀectively turning the rocket. The amateur rocket then becomes less of
a conveyance method for the payload and more of a missile, which is inadvisable for safety considerations. The VDS
controller must change the relative percent tab deployment to adjust the real time drag. To do this, the VDS must be
informed of the actual free stream velocity and be able to predict the actual apogee from this information. Of course,
the aerodynamic characteristics of air as the rocket reaches 4,000 ft would change, but CRW’s assumption is that this
change is small. A more accurate simulation method could reduce the percentage overshoot substantially but would be
much more complicated

(a) VDS Mechanism Location in the Rocket

(b) VDS implemented into the Rocket stream wise

Figure 1

(c) VDS Mechanism

VDS Speciﬁcation information
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III. CFD Formulation and Settings
The method of CFD is essentially the iterative solving of Eq. 1, the Navier Stokes equations using, intuitively,
Taylor series expansions of the derivatives and truncating the series to lower order terms. Essentially, the Navier
Stokes equations are simpliﬁed to many coupled linear equations if the considered domain is very small compared
to the entire domain. Thus, by discretizing a domain, the Navier Stokes equations can be applied to each cell for
a good approximation of the solution to the continuous Navier Stokes. However, the underlying assumption is that
the discretization produces suﬃciently ﬁne points such that they may be considered inﬁnitesimal. Of course this is
infeasible even for modern, so the user must consider what cell size is small enough to capture most of the wanted
parameters accurately. This analysis, called grid independence, is attempted in a later section.
𝐷𝑢 1
= ∇𝜎 + 𝑔
𝐷𝑡
𝜌

(1)

Even with linearization, the Navier stokes equations are still computationally expensive. Thus, further simpliﬁcation
is necessary to ease computational load. This is most often done by implementing reduced-order turbulence modeling.
In order to separate the turbulent ﬂuctuation from the main velocity component usually Reynolds Averaged Navier
Stokes, or RANS, methods are employed. The RANS formulation is given in Eq. 3 and is exceedingly complicated.
While RANS signiﬁcantly reduces computational load, it is still not suitable, nor optimal, for desktop computers,
normally requiring super computers. Instead, lower order models, which accurately describe the turbulence, must be
used in order to speed computation. There are four commonly used RANS lower order methods: Sparlat-Allamaras(SA),
𝑘 − 𝜖, 𝑘 − 𝜔, and 𝑘 − 𝜔 SST. The SA method is a one equation model and is very computationally eﬃcient. Since
the model is newer, there have been few papers that discuss its eﬃcacy, but was nonetheless attempted on the VDS
Geometry. As will be discussed later, however, the SA formulation did not accurately describe the transient vortex
shedding of the VDS and thus was not chosen for this analysis. The 𝑘 − 𝜖 and 𝑘 − 𝜔 turbulence models have been
the most studied, since they were the ﬁrst well tuned versions. They come with some defeciencies, however. The
𝑘 − 𝜖 correlates well with free stream values in experiments but requires a non-dimensional wall dimension (y+) of
greater than thirty to be computationally accurate. This means that near wall calculations are signiﬁcantly coarse and
may not represent the actual ﬂow ﬁeld. The 𝑘 − 𝜔 model, on the other hand, requires a well reﬁned wall distance
(y+) and accurately predicts the wall forces; however, it is extremely sensitive to free stream turbulence values. Non
dimensional wall distance, y+, is a measure of the reﬁnement near the wall of the studied body. Theoretically, 𝑘 − 𝜔
requires a y+≤ 1 in order to be fully valid. In practice however, accurate results can be obtained with y+≤ 20. The
formulation for y+ is given in Eq. 2, where Δ𝑠 is the distance between the body and the nearest mesh grid. For 𝑘 − 𝜔
adjusting the free stream turbulence a few percent may roughly double the drag coeﬃcient. The 𝑘 − 𝜔 SST model
blends the 𝑘− and 𝑘 − 𝜔 models together reducing the free stream sensitivity and increasing the near wall resolution and
prediction. This model is encoded in Eq. 4 and 5 and will be the workhorse for this analysis. In these equations, k and
𝜔 stand for the turbulent kinetic energy and speciﬁc rate of dissipation, 𝜏𝑖 𝑗 accounts for the shear stresses induced in
the turbulence, and 𝑢 𝑖 and 𝑥𝑖 intuitively correspond to the velocity and position vectors. Unfortunately, the turbulence
model requires some user-submitted information which tune the particular model to a given ﬂow ﬁeld. These so-called
2
3
9
closure coeﬃcients are 𝜎𝑘1 = 0.85, 𝜎𝑘2 = 1.0, 𝜎𝜔1 = 0.856, 𝛽1 = 40
, 𝛽2 = 0.0828, 𝛽∗ = 100
, 𝛾1 = 𝛽𝛽1∗ − 𝜎√𝜔1𝛽∗𝑘 , and
𝛾2 =

𝛽2
𝛽∗

−

𝜎 𝜔2 𝑘 2
√ ∗ .
𝛽

√
𝑦+ =

Δ𝑠
𝜈

2
0.013 ∗ 𝑈∞
1/7
𝑅𝑒

(2)

𝜕𝑢 𝑖
𝜕
𝜕𝑢 𝑖 𝜕𝑢 𝑗
= 𝜌 𝑓𝑖 +
[−𝑝𝛿𝑖 𝑗 + 𝜇(
+
) − 𝜌𝑢 𝑖′𝑢 ′𝑗 ]
𝜕𝑥 𝑗
𝜕𝑥 𝑗
𝜕𝑥 𝑗 𝜕𝑥 𝑖

(3)

𝜕 (𝜌𝑘) 𝜕 (𝜌𝑘𝑢 𝑗 )
𝜕𝑢 𝑖
𝜕
𝜕𝑘
+
= 𝜏𝑖 𝑗
− 𝛽∗ 𝜌𝜔𝑘 +
[(𝜇 + 𝜎𝑘 𝜇𝑡 )
]
𝜕𝑡
𝜕𝑥 𝑗
𝜕𝑥 𝑗
𝜕𝑥 𝑗
𝜕𝑥 𝑗

(4)

𝜕 (𝜌𝜔) 𝜕 (𝜌𝜔𝑢 𝑗 ) 𝜌𝛾 𝜕𝑢 𝑖
𝜕
𝜕𝜔
1 𝜕𝑘 𝜕𝜔
+
=
𝜏𝑖 𝑗
− 𝛽𝜌𝜔2 +
[(𝜇 + 𝜎𝜔 𝜇𝑡 )
] + 2(1 − 𝐹1 ) 𝜌𝜎𝜔2
𝜕𝑡
𝜕𝑥 𝑗
𝑢𝑡
𝜕𝑥 𝑗
𝜕𝑥 𝑗
𝜕𝑥 𝑗
𝜔 𝜕𝑥 𝑗 𝜕𝑥 𝑗

(5)

𝜌

The order of the Taylor expansion also has a direct eﬀect on the accuracy of the result. Thus, second order
schemes will provide more accurate results than ﬁrst order schemes; however, second order schemes sometimes lead
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to signiﬁcant instability and increased computational time. Only second order schemes were selected in the pressure,
momentum, speciﬁc dissipation rate, as pressure and momentum coupling are directly related to the drag force applied
to the body. Dissipation rate is second order simply because there was no visible impact on the solution time, but
without the increased order transient vorticities were not present behind the VDS tabs. The pressure-velocity coupling
was set to simple as it is more easily, and thus more quickly, calculated in multi-core applications. Since the scale of this
simulation is so large, multi-core simulations are necessary for "quick" calculations. The boundary conditions were set
to velocity inlet, pressure outlet, and wall conditions everywhere else. Fig 2 shows the three boundary conditions as
implemented in ANSYS Fluent. The ﬂuid contained within the cylinder is set to air with the default values. However,
since CRW expects a VDS deployment velocity of 500 ft/s, about Mach 0.45, compressible eﬀects must be considered.
Thus, the density formulation was set to use the ideal gas calculation, and viscosity was calculated via Sutherland’s law.
The simulation is considered converged once its residuals have reduced below 10−3 . This residual value is somewhat
high for aerodynamic results, but because of memory and time constraints, increased resolution over the body to
decrease these residuals is not feasible.

Figure 2 Ansys boundary Conditions: Blue-Velocity inlet, Red- Pressure outlet, White-Wall

IV. Rocket Geometry
While the precise geometry of the rocket is important for the CFD, very little can be gained from a restatement of
all of the geometry. Instead, selected dimensions are presented in Fig. 3. Reynolds number calculations for rockets are
given in reference to the rocket bodies diameter. The VDS subsystem dimensions are also given at full extension.
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Figure 3

Relevant Rocket Dimensions given in inches

V. Parameter Independence
The interplay between accuracy and stability is one of the artistic aspects of CFD. The user must generate a mesh
that is reﬁned enough to generate reasonably accurate results while also making the mesh coarse enough to solve
quickly and reduce residuals. The reﬁnement of the mesh controls both the accuracy and stability in this way. Thus,
it is common to preform independence tests, where the user speciﬁes conditions and varies the mesh and time step in
order to ensure grid and time independence. This means that the grid is not negatively aﬀecting the numerical result
— i.e. its accuracy is enough — while being the coarsest, an there for the fastest, possible mesh.
A. Grid Sensitivity
Mesh quality is directly related to the number of cells. The grid is independent if the values of interest fail to change
through each iteration when cell count is increased everywhere. Additionally, the location of the boundary conditions
can also inﬂuence the drag coeﬃcient, meaning these must also be independent. Unfortunately, do to computational
constraints, invariance was unfeasible. Instead, selection of the more impactful parameters — i.e. the parameters with
the largest aﬀect on 𝐶𝐷 — were chosen such that the result would be more accurate but still reasonable to solve. Fig 4
shows the three critical dimensions for the boundary conditions. Fore distance is the distance from the vehicles tail
to the inlet in the negative stream-wise direction. Fig. 6 correlates the changes in the boundary conditions and time
conditions, with the percent change in 𝐶𝐷 normalized to 0.4. This normalization was done to give the plots a more
uniform scale and so that the impact of each parameter could be interpreted. Each of the plots modulate the baseline
design, with 100% VDS extension, of 200 in, 200 in, 90 in, 10 in2 , 0.005 s, and 150, corresponding to the Fore Distance,
Aft Distance, Radius, Body Size, Time Step size, and number of Time Steps respectively.
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Figure 4

Dimension Speciﬁcations of Important Geometric Parameters

B. Time Sensitivity
Since CRW is interested also in the transient response of the tabs — that is if there are any transient eddies along
the body tube during deployment — the time step formulation must also be considered. Neglecting proper time step
sizing, the eddies would be averaged out resulting in an underrepresented CP variation. Fig. 6 describes the relationship
between the time step size and number of time steps. As the time step size increases, the relative absolute diﬀerence
increases substantially. Although the selected time of 0.005 s was not substantially diﬀerent to the 0.0025 s time step.
The issues with the 0.01 s time step which caused it to substantially overestimate the 𝐶𝐷 , caused by its inability to
resolve vorticities behind the VDS tabs. Fig 5 shows the vorticities behind the tabs using dynamic pressure on the
surface of the rocket. The low pressure, blue areas, represent ﬂow separation from the surface itself, indicative of high
drag areas and vortex generation. The generation of the Vortex is extremely important, not just for the 𝐶𝐷 , but also for
the calculation of the rockets CP, which is an important Stability metric and crucial for rocket safety. The number of
time steps has no signiﬁcant impact on the actual 𝐶𝐷 , which is expected as the convergence of the solution remains
relatively constant with residuals around 10−4 throughout after 30 iteration. The selection of iterations will primarily
be done to showcase the transient aspect of the vortex generation.
C. Sensivity Importance
The relative strength of each parameter can be qualitatively assessed via the change in 𝐶𝐷 as the tested dimension
changes. Thus, the inlet distance provides the most substantial impact on the ﬁnal 𝐶𝐷 with up to 20% change from
0.4 experienced at 300 in. Next, the time step size aﬀects the 𝐶𝐷 by roughly 12% — the computation time of this
change can be oﬀset by the number of iterations considered. However, reduced time step size results in a more accurate
simulation. Subsequently, 𝐶𝐷 changes due to time step size increasing results in the loss/averaging of the generated
vortex. The purpose for considering time step size in the sensitivity is to determine how large the time step can be and
still be accurate. Next, the aft distance changes the 𝐶𝐷 by 6%. The Fore and Aft distance accounting for signiﬁcant
portions of the total variance is intuitive, as the resolution of the incoming and wake ﬂow has signiﬁcant impact on
the velocities experienced at the rockets surface. The fore distance contributing most to the drag diﬀerence is also
expected for small distances as the pressure cannot accurately reﬂect oﬀ of the body into simulated air. Instead the
solver must contend with the pressure reﬂection and its set gauge pressure and velocity. Unfortunately, these two
parameters directly inﬂuence the cell count in the mesh; therefore, while these parameters have signiﬁcant impact, they
cannot be adjusted without substantially increasing solution time. As a result, the converged mesh was chosen to have
a fore distance of 300 in, an aft distance of 100 in, a radius of 30 in, a Body Size of 10 in2 , a Time step of 0.005 s, and
50 time steps.
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Figure 5

Vortex Generation of Deployed VDS using Dynamic Pressure

Figure 6 Sensitivity Calculation for all Dimensions with 𝐶𝐷 Normalized to 0.4

7

VI. Results
The selected geometries were used to calculate the drag coeﬃcient with diﬀering levels of VDS deployment. Fig. 7
contains the results. The 𝐶𝐷 varies nearly linearly with VDS extension, resulting in a change of the overall rocket
drag by 38%. Preliminary OpenRocket simulations, a common tool used to predict ﬂight characteristics for amateur
rocketry, predicted a 𝐶𝐷 between 0.435 and 0.535 during the ﬂight without the VDS enabled, reaching its peak just
after vehicle burnout. The velocity of the rocket changes drastically during this time and, just after burn out, reaches
433.35 ft/s, which is signiﬁcantly less than the predicted inlet velocity. The diﬀerence between the OpenRocket given
burnout velocity and the predicted inlet velocity can be attributed to changes in rocket mass during the . Without
accounting for the velocity diﬀerence, the 𝐶𝐷 ’s were very close, resulting in a 13% diﬀerence between OpenRocket,
the chosen reference value, and the CFD simulation.

Figure 7

Drag Coeﬃcient with Respect to VDS Deployment Percentage (ie normalized to 0.698 [in])

As part of the VDS aﬃrmation conducted by CRW, a sub-scale wind tunnel test was performed
by the CRW Vehicle Team. It varied the inlet velocity in order to determine the velocity eﬀect on 𝐶𝐷 . This test was
conducted at UAH’s aerodynamics wind tunnel and resulted in Fig. 8. The minimum and maximum 𝐶𝐷 was calculated
to be 0.439 and 0.668, resulting in a 6.4% and 4.9% diﬀerence respectively. Of course, the actual Reynolds and Mach
number were not accounted for, as the wind tunnel is not able to provide a suitable velocity, nor were blockage or other
eﬀects corrected for. However, the percent change nearly perfectly predicts the 𝐶𝐷 of the deployed and un-deployed
values. While the wind tunnel data and CFD data both have signiﬁcant faults, the closeness in their results lends some
credence to both. Additionally, the requirements for the VDS are not very strict, as the actual deployment was to be
handled by an on-board computer. Subsequently, the total change of 𝐶𝐷 must be greater than 0.1 in order to reduce
the vehicles kinetic energy to adjust the apogee by 500 ft/s.

Figure 8

VDS Wind Tunnel Test Based on Velocity Inlet Variation

8

Figure 9

Vortex Generation in Time

A. Inﬂuence of CP
The increase in 𝐶𝐷 corresponds to the generation of vorticities and separation on the body. However, these
vorticities may become detached from the wake of the VDS tabs, resulting in a ﬂuctuating 𝐶𝐷 , and, more importantly,
a change in pressure location. The center of pressure of the rocket is an important parameter in the stability of the
rocket. Any substantial change in the location of the center of pressure could invalidate a NASA SLI requirement, and
critically, destabilize the rocket, causing signiﬁcant rotation. The VDS is deployed after motor burnout: it does not
represent any signiﬁcant danger to the populace as a powered projectile. The CP is calculated via Eq. 6 in Fluent’s post
processor, where 𝜁 represents the ordinate the CP is being calculated
√ along. For the case of the rocket, this calculation
is done along the free stream axis(z) and along the axial direction( 𝑥 2 + 𝑦 2 ). The variation in the free stream axis was
nearly zero at 1.4x10−4 in. Similarly, the radial direction was much lower at 1.4x10−13 in, which varied slightly in time
but did oscillate around the center line of the rocket. Thus the CP variation is negligible.
∫
𝑥 ∗ 𝑃(𝜁)𝜁.
(6)
𝐶𝑃 = ∫
𝑃(𝜁)𝜁.

VII. Conclusion
In this paper, a Variable Drag System was simulated on an amateur rocket platform in order to determine its eﬃcacy
as a kinetic energy shedding device as part of CRW’s submission to the NASA SLI competition. The VDS was shown
to be a safe and eﬀective system to dynamically control the apogee of a rocket. An expected 𝐶𝐷 change of 38% was
observed in the activation of the VDS using CFD, which will bleed oﬀ the excess velocity in order to control the
vehicles apogee. The 𝐶𝐷 of the rocket varies nearly linearly with the extension of the VDS tabs, which will aid in the
control, analysis, and deployment of the VDS System. Deployment of the VDS does not signiﬁcantly impact the Center
of Pressure of the Stability margin of the Rocket, meaning the VDS is not a signiﬁcant safety risk. This analysis was
9

done using CFD via ANSYS Fluent, with special attention paid to the boundary conditions and mesh sizing in order to
determine in-variance with respect to user deﬁned variables. Selecting these parameters was primarily done through
computational eﬃciency and general trends of the solution but showed signiﬁcant agreement between sub-scale wind
tunnel testing and common rocket simulation software OpenRocket. Selection of the turbulence model was primarily
impacted by the ability of the model to depict vortex generation aft of the VDS tabs as well as the computational
eﬃciency: while SA methods are extremely eﬃcient they blended the vorticities behind the tab. As a result, the
common 𝑘 − 𝜔 SST method was selected. The resulting mesh hyper parameters were: fore distance (300 in), aft
distance (100 in), radius (30 in), Body Size (10 in2 ), Time step (0.005 s), and time steps (50). Future work may consist
of a higher resolution solution, which would require more computational power than is available. Additionally, a
transient simulation, which encoded a PID controller in ANSYS’s UDF functionality to project the apogee and control
scheme for the VDS itself, would be advantageous. Of course, this type of analysis would require a high resolution and
signiﬁcant computational power. While this result would be more complete than the OpenRocket simulation, it may
not be as worthwhile, due to its complexity and the amount of time required to simulate. In terms of set-up and design
iteration, OpenRocket is more intuitive than ANSYS Fluent, but CFD would provide a more accurate simulation and a
more complete analysis.

VIII. Special Thanks
Dr. Konstantinos Kanistras - for allowing the use of the wind tunnel and ANSYS Fluent
CRW Vehicle Team - for supporting documentation regarding geometry, OpenRocket, and windtunnel testing
Dr. Lineberry - for sponsoring this Honors Capstone and being a guiding hand through the NASA SLI competition

10

